IspG is the penultimate enzyme in non-mevalonate biosynthesis of the universal terpene building blocks isopentenyl diphosphate and dimethylallyl diphosphate. Its mechanism of action has been the subject of numerous studies but remained unresolved due to difficulties in identifying distinct reaction intermediates.
Introduction
The non-mevalonate pathway, also called the methylerythritol phosphate or MEP pathway [1, 2] , is essential for isoprenoid biosynthesis in many human pathogens such as Plasmodium falciparum (the causative agent of malaria) and Mycobacterium tuberculosis (the causative agent of tuberculosis) [3, 4] .
The pathway is, however, absent in humans and as such its enzymes are potential targets for the development of novel therapeutic compounds which are urgently required in light of the emerging threat of drug resistance [5] . The [Fe 4 S 4 ] cluster containing protein IspG catalyzes the penultimate step in the MEP pathway, converting 2-C-methyl-D-erythritol-2,4-cyclo-diphosphate (MEcPP, 1) into (E)-1-hydroxy-
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4 recognized and held in place by a variety of hydrogen bond forming active side residues ( Figure 2A ). The diphosphate moiety in particular interacts with a positively charged cavity formed by the side chains of Arg56, Arg110, Arg141, Lys204, and Arg260 [7] . IspG thus adopts a closed state in which the active site is protected from bulk solvent and catalysis can commence ( Figure 3 , steps a-f). As the substrate binds to the [Fe 4 S 4 ] 2+ cluster it replaces the carboxylate side chain of Glu350. At the same time, the domain movement described above brings Glu232 into proximity of the MEcPP C3 hydroxyl group. This amino acid is then likely to accept a proton released on formation of the alkoxide complex between enzyme and substrate (steps a and b).
Substrate binding is succeeded by the formation of a series of reaction intermediates ( Figure 3 , steps cf). Liu and co-workers showed that (oxidized) IspG catalyzes positional isotopic exchange of the MEcPP's external diphosphate oxygen atoms [14] suggesting that reversible C2-O bond cleavage and ring opening occur in the closed state (steps c1/c2). Thus, the C2 atom may shuttle between a carbocation and a radical state at this point, mediated by an electron transfer via the [Fe 4 S 4 ] 2+/3+ cluster.
The subsequent reaction stages (steps d-f) could be analyzed by soaking crystals of the IspG-MEcPP complex with sodium dithionite for periods of 1, 24 or 72 hours, prior to cryoprotection and vitrification.
In solution (and in the absence of an electron mediator such as a viologen) dithionite-promoted catalysis is comparatively slow. In the crystalline solid-state, diffusion and conformational restraints may reduce the reaction rates even further. This deceleration enabled us to trap and characterize three intermediates "en route" from substrate to product.Structures obtained from these crystals thus represent averaged snapshots of the individual reaction stages ( Figure  2B -D).
With the first electron transfer from the external reducing agent, conversion of MEcPP becomes irreversible. As a single electron is shuttled through the [Fe 4 S 4 ] 2+/3+ cluster and into the substrate, C2 is reduced and the ring opens permanently (step d1/d2 and Figure 2B ). This electron uptake leads to generation of a radical-(I This stage of the reaction was trapped and characterized after dithionite incubation for 24 hours ( Figure   2C ). The structural data provide evidence for pyramidalization at C2 (sum of angles = 343°), suggesting carbanion formation, with the Fe-O(C3) bond intact ( Figure 2C ). Subsequent elimination of the Fe-bound oxygen from the substrate may be facilitated twofold: while (i) Glu232 could donate a proton to the resulting oxyanion (O-O distance is reduced to 2.9 Å), (ii) the syn-orientation of the anion's free electron pair would allow compensation of the positive partial charge developing on the C3 carbon. This would finally result in the formation of a double bond to give the HMBPP product 2 (step f in Figure 3 ). Glu232
links the active site pocket to a proton channel, which may deliver a second proton to the oxygen and thus generate a water molecule as a leaving group. Correspondingly, at 72 hours of dithionite incubation, the Fe-O3 bond is no longer apparent in the electron density and there is a well-defined H 2 O/OH -attached the unique 4 th Fe in the cluster. The ligand has planar C2 and C3 centers (C-C distance 1.4 Å, Figure 2D ).
Structural rearrangements required to return IspG to its open conformation eventually trigger the release of HMBPP product and water from the active site, leaving the enzyme ready for a new catalytic cycle.
Constraints imposed by molecular packing prevent this last stage from occurring in the crystalline state. Specifically, 5 was shown to be converted to MEcPP under oxidizing conditions [15] and, when reduced, reacts to give the HMBPP product at catalytic turnover rates comparable to the natural substrate [16] .
However [18, 20] . In addition to the identification of the reaction intermediates described above, minimal requirements for Figure 5A ). In contrast to the larger inhibitor structures, diphosphate does not fill the active site cavity and interactions with amino acid side chains are limited. Nevertheless, it is the smallest species that is able to maintain IspG in a locked conformation, albeit only while its diffusion is restricted by the closed state of the crystal structure.
Surprisingly, an [Fe 3 S 4 ] configuration is observed in which the apical iron is lost. This is, however, likely
to be an artifact of the crystalline state in which the cluster is left without coordination by either Glu350
(as seen in the holo structure) or a stabilizing ligand.
The propargyl inhibitor 7 has an IC 50 value of 770 nM and does not displace the apical iron ( Figure 5B ).
In fact, its binding mode is reminiscent of the natural HMBPP product ( Figure 2D ) and inhibition is more likely the result of competitive binding to the enzyme's active site. Neither IspG nor IspH catalyze any conversion of this molecule ( Figure S2 ) [21] . Compound 8, the most potent inhibitor, has an IC 50 value of 580 nM. It is likely that a steric clash between the alkyne group and the enzyme's iron-sulfur cluster, as a consequence of which the apical iron is lost in the complex, is an important contribution to its inhibitory effect ( Figure 5C ). IspH and IspG, providing a ready explanation for the lack of reactivity with the latter ( Figure S3 ).
Despite inhibiting both enzymes, the binding modes observed for 7 and 8 vary between IspG and IspH.
This observation holds true as a general feature for all structurally analyzed ligands, and also applies to natural substrates, intermediates and products [22] . With the exception of [Fe 4 S 4 ] cluster coordination, the respective active site cavities also differ accordingly. For both enzymes, however, compounds with an increased carbon chain length and/or sterically more demanding substituents have been found to be less potent inhibitors [17] and could not be visualized as complex structures in our X-ray crystallographic studies.
Conclusions
By identifying each of the IspG reaction intermediates we are now able to reconstruct the enzyme's complete catalytic reaction. The conversion of MEcPP to HMBPP is now visualized on a molecular level, from initial ring opening to product release via formation of distinct radical and anionic intermediates at the C2 carbon atom. The present study on mechanism and ligand/inhibitor binding provides highly [17] . If so, they may be of future use for even further applications such as herbicide development. [7] as starting model. The model was completed with COOT [26] and rigid body, TLS and positional refinements with REFMAC5 [27] (Table S1 ). The quality of the stereochemistry was confirmed by the Ramachandran plot determined with the program PROCHECK [28] . Graphical illustrations were drawn with the program PyMOL [29] .
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Materials and Methods
Cloning. The ispG gene from T. thermophilus HB8 (NCBI
T. thermophilus IspG Assays. T. thermophilus IspG was purified as described previously [13] , degassed by bubbling nitrogen through the solution vigorously, and then transferred into an anaerobic chamber (Coy Labs, Grass Lake, MI). The as-purified IspG was reconstituted by incubating with 0.5 mM Assay kit. Inhibition assays were performed anaerobically at room temperature as described previously [13] .
Continuous-Wave EPR Spectroscopy. All EPR samples were prepared as described previously [13] .
CW-EPR experiments were performed at X-band using a Varian E-122 spectrometer together with an Air Products (Allentown, PA) helium cryostat. Various temperatures and power levels were used as indicated in Fig. 3 .
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